Multiple DNA polymerases exist in eukaryotes. Polymerases α α, δ δ and ε ε are mainly responsible for chromosomal DNA replication in the nucleus and are required for proliferation. In contrast, the repair polymerases β β and η η are not essential for cellular proliferation in yeast or mice, but a lack of either polymerase can lead, respectively, to defects in base excision repair or the ability to replicate past lesions induced by ultraviolet (UV) radiation [1-3]. Here, we have focused on polymerase ζ ζ. This was first described as a non-essential product of the yeast REV3/REV7 genes involved in UV-induced mutagenesis, and was later implicated in trans-lesion synthesis [4,5]. Unlike in yeast, the mouse homologue (mRev3) was found to be essential for life. Homozygous mutant mice died in utero. Mutant embryos were considerably reduced in size at day 10.5 of development and usually aborted around day 12.5. It is likely that this block reflects a need for mRev3 in proliferative clonal expansion (rather than in the production of a particular cell type) as mutant blastocysts showed greatly diminished expansion of the inner cell mass in culture. Thus, mRev3 could be required to repair a form of externally induced DNA damage that otherwise accumulates during clonal expansion or, consistent with the high homology shared between its Rev7 partner and the mitotic checkpoint gene product Mad2 [6], mRev3 might play a role in cell proliferation and genomic stability even in the absence of environmentally induced damage.
Results and discussion
Gene targeting in embryonic stem (ES) cells was used to study the function of mRev3, the murine homologue of the catalytic subunit of yeast polymerase ζ. A targeting construct was created in which a neomycin-resistance cassette was inserted into the mRev3 gene in an exon that encodes part of the carboxy-terminal portion of the polymerase. This targeting disrupts a region of the gene that is highly conserved between yeast and mammals and flanks the consensus polymerase motifs. Two ES cell lines were obtained in which the neomycin cassette had recombined into the endogenous mRev3 locus and one of these lines was injected into blastocysts in order to establish chimaeric mice for germ-line transmission of the targeted mRev3 allele (mRev3 N ; Figure 1 ). Crossing of mRev3 + /mRev3 N heterozygous mice failed to generate any homozygous mutant animals. All the mice born were either heterozygous or wild-type homozygotes at the mRev3 locus ( Table 1 ). The viability of the mRev3 + /mRev3 N heterozygotes indicates that the mRev3 gene targeting does not itself yield a toxic modified mRev3 gene product (or indeed a haploinsufficiency) that is incompatible with viability. Rather, normal foetal development must be critically dependent on the presence of a wild-type mRev3 allele Analysis of the foetuses produced on crossing mRev3 N /mRev3 + heterozygotes revealed that mRev3 N /mRev3 N mutant embryos were obtained at the expected frequency at day 10.5 but were about 50% the length (and about onetenth the mass) of their wild-type or heterozygous counterparts (Table 1 ; Figure 2a) . By day 12.5, the frequency of homozygous mutant embryos was significantly reduced, probably because of resorption (Table 1) . The most obvious defect of the day 10.5 mRev3 mutant blastocysts was their small size (as opposed to any other gross specific anatomical abnormality) although, by day 12.5, deficiencies such as lack of pigmentation in the eye were evident.
That the lethality of mRev3 disruption does not simply reflect an essential function for mRev3 within only a narrow cell lineage is strongly supported by the fact that an effect of the gene disruption could be discerned in blastocyst culture. Blastocysts were harvested at day 3.5 and cultured in vitro: they were observed on a daily basis for 6 days before DNA extraction and typing by PCR (Figure 2 ). In the case of blastocysts derived from control mRev3 + /mRev3 + breedings, blastocysts (in all but one case) hatched between 2 and 4 days in culture, with the cells attaching to the surface of the plate and exhibiting a typical fried-egg appearance with a layer of giant trophoblast cells surrounding the inner cell mass (ICM). The ICM then proliferated vigorously over the next few days, forming a large aggregate of cells (Figure 2b , top row). Targeting of mRev3. (a) Targeting strategy. The structure of the mRev3 cDNA (originally cloned as the stress-induced transcript Sez4 [13, 14] ) is shown at the top. Box, coding sequence; dark and light grey, regions of high and low homology, respectively, with yeast REV3; roman numerals, the different polymerase motifs. An mRev3 cDNA probe was generated by PCR and used to isolate mRev3 genomic clones from a mouse strain 129 λ phage library. A restriction map of part of the wild-type mRev3 gene is shown. B, Bgl II; R, EcoRI; S, SacI; X, XhoI. Bgl II sites flanking the two depicted Bgl II sites are not shown. A targeting vector was constructed in which a neomycin-resistance cassette (neo) was inserted into the XhoI site spanning codons 2935-2937 with flanking homologies of 2.3 kb and 1.8 kb in the left and right arms, respectively. A thymidine kinase (TK ) cassette was included at the right hand side of the targeting construct to permit enrichment for homologously targeted integrations. The source of the genomic library and selection cassettes as well as the procedures for ES cell transfection and selection are as described previously [15, 16] . The regions providing the 5′ and 3′ probes used below and the positions of the PCR primers P1, P2 and P3 are indicated. Table 1 Genotype of offspring and embryos from matings of Rev3-targeted mice. *Two of the decidua contained parts of the yolk sac that could be typed by PCR. ND, not determined. Normal, normal-sized embryo; small, small embryo (length < 75% of littermates); reabsorbed, reabsorbed embryo.
Total
In the case of blastocysts generated by crossing mRev3 + /mRev3 N heterozygotes, four types of blastocyst development could be distinguished by gross morphological examination (Figure 2) . Six of the 51 blastocysts did not hatch at all and were not genotyped. Of the hatched blastocysts, the majority (30/45) developed similarly to those from the wild-type control breedings. These could all be genotyped as either wild type or heterozygous for the mRev3 N mutation. Of the remainder, analysis at day 6 revealed either no obvious ICM (five examples) or an ICM of much reduced size (ten examples). Genotyping revealed that all five hatched blastocysts that failed to develop any ICM as well as four of the blastocysts with a small ICM were derived from mutant mRev3 N homozygotes. Thus, the mRev3 gene disruption has a prejudicial effect on ICM expansion during in vitro blastocyst culture.
It is striking that mRev3 mutant blastocysts showed diminished expansion of the ICM when cultured and yet, in vivo, mutant blastocysts could develop to generate midgestation embryos, albeit of substantially reduced size. Presumably, there are either environmental stresses in vitro that make blastocyst development particularly dependent on mRev3 or cues are provided in utero (or developmental programmes followed) that render the requirement for mRev3 less acute. Intriguing parallels to this contrasting in vitro and in vivo development are provided by mice carrying mutations in Atm or Brca2. Atm -/-mice are viable (though sterile, growth retarded and immunologically and neurologically dysfunctional) but embryonic fibroblasts obtained from Atm -/-mice fail to grow under standard culture conditions [7] [8] [9] . Similarly, foetuses of mice carrying a Brca2 truncation can survive to Brief Communication 1215 term but embryonic fibroblasts do not expand and accumulate chromosomal damage [10, 11] .
Thus, perhaps mRev3 (like yeast REV3) plays a role in the repair of externally induced DNA damage and such damage might possibly be more heavily inflicted during in vitro (as opposed to in utero) growth. Alternatively, mRev3 could play a central role in cell proliferation. This hypothesis has some attraction in view of the fact that Rev7 (the partner of Rev3 [5, 12] ) shares a region of homology, termed the HORMA domain, with Mad2 [6] . Mad2 protein associates with unattached kinetochores and functions in the spindle assembly mitotic checkpoint. Furthermore, the Mad2, Rev3 and Rev7 proteins have been shown to be capable of interaction in vitro [12] . It may therefore prove informative to screen for and characterise any genome damage that accumulates in mRev3-deficient cells.
